The structure of the rhombohedral (R-) AlPdCo phase was determined by single-crystal X-ray diffraction: space group R 3 (No. 148), a = 2.91019(8) nm and c = 1.31854(4) nm, V = 9.6709(5) nm 3 , atoms/cell = 660, F(000) = 12820, R = 0.0481 for the observed 3354 reflections measured by Mo K¡ radiation ( = 0.071069 nm). R-AlPdCo has two types of pseudo-Mackay clusters (pMCs) around Co(12) at 18f and Al/Pd(14) at 3a. The first shell of Co(12)-pMC consists of nine Al sites. The second shell of the Co(12)-pMC is a combination of (M, Co)-icosahedron (ICO) and Al-icosidodecahedron (IDO), where M is a mixed site of Pd, Co or Al. On the other hand, the first shell of the other pMC around Al/Pd(14) consists of two sub-shells: an M-cube and Al-octahedron. The outer shell of the Al/Pd(14)-pMC consists of an M-ICO and Al-IDO. These pMCs interpenetrate each other by sharing the edges of the second ICO shells and their interstitial space is filled by Al-ICOs around M(1) and M(2). These structural features suggest that the structure of R-AlPdCo is realized by linking the Co(12)-and Al/Pd(14)-pMCs together with two types of smaller Al-ICO around the M(1) and M(2) sites.
Introduction
Structural information on approximant phases is critical to understand the atomic structure of quasi-crystalline phases.
1) An AlPdCo alloy system is an aluminumtransition metal ternary system that is expected to have quasi-crystalline phases and related approximants.
2) Previous studies clarified the complicated phase diagram in the Al PdCo system and reported a variety of crystalline phases of W, V, U, F, C 2 , Y 2 , ¾ 16 , ¾ 22 and ¾ 34 .
37) A series of ¾ phases is found in alloy systems of AlPd, AlPdFe, AlPdCo and so on. Their structures are closely associated with that of the Al 3 Pd phase (binary ¾ 6 -phase), which is an important crystalline approximant for decagonal quasicrystals with a period of 1.6 nm.
7) The W phase with 45% of Pd showed cell parameters similar to those of WAlCoNi. 8) This suggests that structural information for the WAlCoPd phase is useful for understanding the atom clusters in the decagonal phase with a periodicity of 0.8 nm. There are also several cubic phases with a cell parameter of about 1.5 nm in the AlPdRu, AlPdFe and AlCuRuSi systems, 9, 10) whose structures are expected to be closely related to that of C 2 AlPdCo. In addition, the orthorhombic phase reported by Grin et al. 11) showed the similar cell parameters with Y 2 AlPdCo. These facts clearly suggest that a series of structural investigations in the ternary AlPdCo system will help to understand the columnar structures with a variety of periods together with the atom clusters with local icosahedral symmetry.
During our structural investigation of the compositional space near the ¾ 16 phase in the AlPdCo system, we found a new crystalline phase (hereafter R-AlPdCo) with pseudoMackay clusters without geometrical disorder. This paper reports the single-crystal X-ray diffraction results for the RAlPdCo phase and discusses the unique pseudo-Mackay icosahedral clusters together with their spatial distribution in a unit cell.
Experimental Procedure

Sample preparation
Alloy ingots with nominal compositions of Al 72 Pd 18 Co 10 (#1) and Al 74 Pd 14 Co 12 (#2) were prepared from Al (99.999%), Pd (>99.95%) and Co (99.9%) by using a conventional arc melting furnace and purified Ar atmosphere. Each as-prepared ingot was crushed, placed in a carbon crucible and then annealed in a vacuum furnace. Sample #1 was heated at 1000°C and subsequently cooled to 900°C for 22 h (³4.5°C/hour). Sample #2 was heated at 1050°C and slowly cooled to 790°C for 65 h (³4°C/hour).
Compositional characterization
The morphology of the as-prepared ingots was observed by using a Hitachi S-3400N scanning electron microscope (SEM). In the as-prepared sample #1, the aggregates of crystals with rhombic morphology were frequently observed, as shown in Fig. 1 . This suggested the presence of a rhombohedral (R-) phase, which was not previously known to exist in the AlPdCo system. 5) Furthermore, electron probe microanalysis (EPMA) using a JEOL JXA-8621MX microanalyser indicated that the chemical composition of the R-phase in the as-prepared sample #1 was Al 7273 -Pd 1520 Co 713 . The Al content was constant in every grain of the R-phase; however, the Pd content decreased from the rim to centre of the crystalline grains at the expense of the Co content. After annealing of the as-prepared ingot #1, the ¾-phases replaced the R-phase as the main constituents. This strongly suggests that the R-phase is the first phase to form from the high-temperature liquid and its stable chemical compositional region is different from the nominal composition of #1. Fortunately, a chemically homogeneous specimen of the R-phase with the chemical composition of Al 7274 Pd 1314 Co 1314 was found in the annealed sample #2.
X-ray diffraction
A 200 © 150 © 80 µm 3 single-crystal was cut from the annealed sample #2 and used in the single-crystal X-ray diffraction study. The intensity data of 29579 reflections were collected using a Rigaku R-AXIS RAPID 12) and Mo K¡ radiation. After Lorentz and polarization corrections, an absorption correction (ABSCOR 13) ) was performed by considering the shape of the single-crystal specimen. The refined cell constants allowed us to select a hexagonal lattice with a = 2.91019(8) nm and c = 1.31854(4) nm. The systematic reflection condition, Àh þ k þ l ¼ 3n, together with the intensity distribution led us to consider the space group R 3. Data reduction according to this space group yielded 4922 independent reflections. Among the reflections, 3354 reflections met the condition F 0 > 4:0·ðF 0 Þ. The experimental conditions are summarized in Table 1 .
Results and Discussions
Results of structural analysis
The initial structural model for the R-AlPdCo phase was obtained by direct methods.
14) The obtained structural model yielded 39 independent sites and a total of 660 atoms in the unit cell. 13 sites were occupied by heavy metals such as Pd or Co and the other 26 sites by Al. Each heavy metal site was surrounded by Al sites. This feature is common in Al-based approximant structures in the binary AlCo and AlPd systems. 11, 15) The calculation of inter-atomic distances allowed us to classify the heavy metal sites into two groups. The three Co(11), Co(12) and Co(13) sites were ranked in the first group with the nearest-neighbour distances from 0.228 to 0.232 nm (see Fig. 2 ). These shorter distances correspond to that of the typical CoAl pair; 11) thus, the three sites (Co(11), Co(12) and Co(13)) were considered to be fully occupied by Co. The nearest-neighbour distances of the other 10 heavy metal sites range from 0.245 to 0.264 nm and they appear to be occupied by Pd.
After several iterations of least-squares calculations using the software SHELXL-97, 16 ) the converged displacement parameters for the Pd sites remained extraordinary large. This result clearly suggests that a chemically disordered model should be used for the Pd sites. The chemical composition of the first structural model Al 68.2 Pd 23. 6 Co 8.2 (Al : Pd : Co = 450 : 156 : 54 in a unit cell) also supported the notion that greater amounts of Al and Co should be considered in the structural model. The observed compositional variation in the R-phase, discussed in the experimental section, supports the substitution of Co at the Pd sites. However, ordinary single-crystal X-ray diffraction cannot specify the chemical composition of the heavy metal sites because their occupancies depend on combinations of Pd, Co and Al. Therefore, we continued the least-squares calculations by introducing ten Pd/Al mixed sites (hereafter M sites) at the expense of Pd sites. Chemical disorder was also introduced in the Al/Pd (14) site because the displacement parameter became slightly negative when full occupancy by Al was considered. The refinement with anisotropic displacement parameters together with the extinction correction parameter of the SHELXL software (» = 0.000089(6)) converged at R = 0.0481 for the observed 3354 reflections. The maximum and minimum residual electron densities were 2.70 and ¹1.61 © 10 
Discussion on site occupancy of the heavy metal sites
Among the mixed heavy metal sites (M sites), the M(1) and M(2) sites have icosahedrally coordinated Al sites with average distances of about 0.269 nm. This distance is much longer than that for the typical CoAl pair. This geometrical feature allows us to conclude that the M(1) and M(2) sites are mainly occupied by Pd and Al with larger atomic radius. On the other hand, the heavy metal sites of M(4)M(7) and M(10) indicate a rather scattered distribution of inter-atomic distances with the nearest-neighbour distances from 0.245 to 0.253 nm. Although the refined Pd contents for these sites suggested a preference for Pd, the appearance of shorter distances implies that these sites should be considered as mixed sites of Co, Pd and Al. The histograms for the remaining M(3) and M(8)M(9) sites show an apparent maximum gap at 0.260.29 nm. The features of these three sites correspond to the Co sites. Among them, the M(8) and M(9) sites indicate the site-scattering value of 31.8 and 25.7, respectively. These lower values suggest a preference for Al at these sites. The remaining M(3) site has larger sitescattering values (³40.2), suggesting that the site is mainly shared by Co and Pd.
Discussion on structural features of R-AlPdCo
By searching the coordination atoms within 0.6 nm from every central atom, two types of pseudo-Mackay clusters (pMCs) can be distinguished around Co (12) and Al/Pd (14) . Figure 3 shows one type of the pMC around Co(12) at 18f. The Co(12)-pMC consists of 51 atoms arranged in two shells. The first shell is an irregularly shaped polyhedron of nine Al sites around the Co(12) centre, as shown in Fig. 3[iii] . In RAlPdCo, the Al sites with relatively larger atomic displacement parameters occupy the sites in the first shell of the two types of pMCs in R-AlPdCo. (12)-pMC. The second shell has a radius of about 0.469 nm (Fig. 3[iiiiv] ) and may be divided into two sub-shells. One is an icosahedron (ICO) consisting of seven mixed heavy metal M sites and five Co sites (Fig. 3[iii] ) and each vertex of the ICO is capped by five Al sites to form the Al-IDO, which is the other sub-shell ( Fig. 3[iv] ). The structure for another type of pMC around Al/Pd(14) located at 3a is shown in Fig. 4 . The size of the Al/Pd(14)-pMC is 0.482 nm and is larger than the Co(12)-pMC (0.469 nm). The first shell of the Al/Pd(14)-pMC may be divided into two sub-shells (Fig. 4[iiiii] ). One is a cube of two M(8) sites and six M(9) sites (Fig. 4[ii] ) and the other is an octahedron (OCT) of six Al(35) sites (Fig. 4[iii] ). The (2) 0.0179 (7) Al ( local atomic arrangements of the first shell are quite similar to those found in ordinary BCC structures. The Al(35) site of Al-OCT is also one of the Al sites with the larger atomic displacement parameters shown previously. The anisotropic displacement ellipsoid of Al(35) has an almost spherical shape; however, the major axis of the ellipsoid is parallel to the radial direction, suggesting a stable BCC structure for the first shell. Al(35) is the vertex in the Al-IDO of the second shell in the neighbouring Co(12)-pMC. The second shell of this cluster is also divided into two sub-shells (Fig. 4[ivv] ). One is an ICO produced by twelve M sites (Fig. 4[iv] ) and the other is Al-IDO (Fig. 4[v] ). Each vertex of the ICO is capped by five Al sites to form the Al-IDO. In the two types of pMCs described, the second shell structure suitably reproduces the atomic feature in the arrangement of the typical Mackay clusters that have local icosahedral symmetry. The icosahedral symmetry is broken in the first shell of the Mackay clusters. The first shell consists of nine Al sites around the Co centre, which is also observed around a Co atom in Al 13 Co 4 alloy. 11) In addition, the irregularly shaped polyhedron of the first shell of pMC is observed in the structural model of »-AlPdRe.
17)
Considering the whole structure of the R-phase, most of the M and Co sites are the vertex sites of the second shell ((M, Co)-ICOs) in the pMCs (Fig. 3[iii] and Fig. 4[iv]) ; however, the M(1) and M(2) sites are not shared by the vertex site of the pMC. These two sites are located in the interstitial space of the network of the pMCs connection. As schematically shown in Fig. 5(a) , the vertices of Al sites in the IDO of Co (12) Chemical and/or geometrical disorder of the first shell is common in pMCs. They were classified into three types in our previous study: the first shell with (1) keeping partial icosahedral symmetry, (2) having three-fold symmetry and losing the five-fold symmetry and (3) others.
18) The first shell of the Co(12)-pMC belongs to type (3) and is thought to be a typical example of the irregularly shaped first shell, which has a smaller central atom such as Co. On the other hand, the case of the Al/Pd(14)-pMC can be classified as type (2) , which is another fundamental structure for the first shell of pMC with a larger central atom such as Al and Pd. We believe that the first shell feature of the pMC, such as in »-AlPdRe, 17) can be understood by combining the two types of pMCs in R-AlPdCo.
In the current study, the Co occupancy in the M sites was not determined because of the technical limitations of the conventional XRD system. Further examination with techniques such as anomalous X-ray scattering and/or neutron diffraction will provide useful information to understand chemical disorder in the M sites and discuss its influence on the pMC structure in R-AlPdCo. 
